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ABSTRACT The theory, design, and application of a dialysis flow cell for Raman spectroscopy are described. The flow cell
permits rapid collection of Raman spectra concurrent with the efflux of small solute molecules or ions into a solution of
macromolecules and is well suited to acquisition of data during hydrogen-isotope exchange reactions of biological molecules.
Kinetic parameters of the device are described by a diffusion model, which accounts satisfactorily for the observed rates of
efflux of deuterium oxide (k2H = 0.30 min-1), calcium ions (kca = 0.10 min-1) and EGTA (kEGTA = 0.07 min-1). Application
to the kinetics of glutamate protonation in a peptide copolymer [poly(Glu, Lys, Tyr)] shows that pH-titration rates as high as
3.3 pH units/min can be monitored. It is also shown that one can extract first-order hydrogen-isotope exchange rate
constants from measured second-order exchanges by taking into account the rate of entry of 2H20 effluent into the bulk H20
solution. Deuterium exchanges of the single-stranded polyribonucleotides poly(rA) and poly(rU) and of the double-stranded
RNA genome from bacteriophage 46 have been investigated. The measured nucleotide base exchange rates are comparable
with those determined previously by other methods. The results indicate that base exchanges as fast as -2 min-1 can be
determined reliably with the present design. Application of the Raman flow cell to hydrogen-isotope exchange of the basic
pancreatic trypsin inhibitor confirms consistency with results obtained previously on this protein by tritiation and NMR
techniques.
INTRODUCTION
Elucidating the pathway of supramolecular assembly is an
important problem in molecular biology but often represents
a formidable challenge to the structural biologist. A fre-
quently studied example is the fonmation of an icosahedral
viral capsid from multiple copies of identical subunits.
Typically, the viral morphogenetic pathway involves many
steps, including the formation of transient intermediates, the
folding of subunit domains that may participate in recogni-
tion, and the packaging of a viral genome (Teschke and
King, 1993; Prevelige et al., 1993; Tuma et al., 1996a, b).
The formation of a viral capsid also serves as a model for
the construction of other architecturally complex cellular
assemblies. Yet, the structural details and dynamic princi-
ples governing such assembly mechanisms remain largely
unknown.
Understanding the molecular mechanism of capsid as-
sembly requires the identification and characterization of
structural intermediates along the assembly pathway. In
principle, this task can be greatly facilitated by use of a
time-resolved experimental approach. Because rapid
changes in particle size or morphology can occur, the de-
sired time resolution usually cannot be achieved with high-
resolution structure methods, such as x-ray crystallography
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and multidimensional NMR. However, vibrational spectros-
copy, in particular Raman spectroscopy, has the capability
to provide insight into time-dependent changes in macro-
molecular conformation along such an assembly pathway.
In addition to probing structural differences directly, Raman
spectroscopy can be exploited as a probe of macromolecular
dynamics. For example, the method is well suited to mon-
itoring the kinetics of hydrogen-isotope exchange reactions
involving labile protons of biological molecules. Raman
spectroscopy can also be applied to samples of different
morphology over wide ranges of experimental conditions.
(For a recent review of related applications, see Miura and
Thomas, 1995b.)
Factors that control macromolecular assembly in vivo
include temperature, pH, ionic composition and ionic
strength of solution, as well as the presence of nucleating
and catalytic agents (Jacrot, 1975; Olkkonen et al., 1990;
Orlova and Egelman, 1995). Protocols that allow these
factors to be varied, singly or in combination, while Raman
spectral data are collected simultaneously have been de-
scribed by several investigators. For example, stop-flow
methods in conjunction with resonance Raman spectros-
copy have been employed to probe rapid kinetic processes
(Hester, 1987). Alternatively, a microdialysis device has
been incorporated within a Raman solution cell to effect the
exchange of specific ions that trigger structural changes in
the target molecules (Caille et al., 1983). The latter meth-
odology is suited to the investigation of relatively slow rates
of exchange of the dialyzing agent (hereafter referred to as
the effluent). It is also compatible with sample requirements
for Raman spectroscopy, including optical homogeneity of
the solution and relatively high solute concentration. In
3454
Raman Microdialysis Flow Cell
recent applications the Raman microdialysis flow cell has
been employed to characterize proton exchanges in protein
subunits and packaged genomes of isometric viruses (Li et
al., 1993; Reilly and Thomas, 1994; Tuma et al., 1996b)
To enhance the value of the Raman microdialysis ap-
proach for exchange experiments, an improved understand-
ing of the method is required. Here, we present a simple
diffusion model to establish quantitative correlations be-
tween design and performance of the microdialysis device.
Applicability of the diffusion model is demonstrated by
favorable comparison of calculated efflux rates with those
measured on representative solutes. A framework for inter-
pretation of hydrogen exchange experiments is developed
and applied to protium-deuterium exchanges of model nu-
cleic acid and protein molecules. The present results are
compared with previously published studies of hydrogen
exchanges in these biological molecules. The diffusion
model is shown to provide a basis for continued refinements
in the design and operation of the Raman microdialysis flow
cell.
MATERIALS AND METHODS
A schematic diagram of the Raman microdialysis flow cell for use in the
900 laser scattering geometry is shown in Fig. 1. The sample solution is
contained in a standard glass capillary of 1.0-mm internal diameter and
-2.0-cm length (Kimax #52034). A single fiber of SpectraPor (Spectrum,
Inc., Houston, TX) hollow microdialysis tubing of 210-,um diameter and
6000 Da molecular-mass cutoff is also contained within the cell. During
operation, the glass capillary is sealed at both ends with a generic rosin wax
and the microdialysis tubing is attached by means of a modified pipette tip
to a 10-ml syringe, which serves as the source of the dialyzing solution.
Because of the low-molecular-mass cutoff of the microdialysis tubing, only
small molecules (effluent) are transported across the permeable barrier. A
constant flow of 2-3 mlIh, which is sufficient to maintain constant effluent
concentration at the tubing boundary, is accomplished with a syringe
injection pump (Harvard Instruments, South Natick, MA). The 1.0-mm
capillary cell permits use of a standard Raman sample illuminator and
thermostat jacket (Thomas and Barylski, 1970).
In the present research the Raman-scattered light was analyzed with a
Spex model 1877 triple spectrograph (Spex Industries, Edison, NJ)
equipped with a charge-coupled-device (CCD) array detector (model
ST130, Princeton Instruments, Princeton, NJ). The CCD detector permits
rapid acquisition of high-quality Raman data during solvent exchange
reactions. Time resolution of the apparatus is approximately 30 s, which
represents the minimum time typically required to collect a Raman spec-
trum of acceptable signal-to-noise ratio quality on aqueous biomolecules.
To determine the performance characteristics of the Raman dialysis
flow cell we employed 2H20 effluent for deuterium exchange of the
following H20 solutions: polyethylene glycol (PEG) 8000, polyriboad-
enylic acid [poly(rA)], polyribouridylic acid [poly(rU)], double-stranded
(ds) RNA from bacteriophage 46, and bovine pancreatic trypsin inhibitor
(BPTI). Additionally, effluxes of aqueous calcium nitrate [0.10 M
Ca(NO3)2] and of the calcium chelator EGTA into pure H20 were exam
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FIGURE 1 (Left) Frontal view showing the laser beam path, the thermostated sample cell holder, and the capillary sample cell in the 90° scattering
geometry. (Right) Two sections through the capillary cell containing the sample solution (light stippling) and microdialysis tubing (dark stippling).
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ined, Finally, protonation of glutamate carboxyls in the copolypeptide
poly-L-(Glu, Lys, Tyr) was determined with HCl as the effluent. Reverse
exchanges were also investigated. Further details of the experimental
conditions are as follows.
Effluent solutions (H20 or 2H20) were introduced into 10% w/v solu-
tions of PEG 8000 at 20°C at a 3-mlIh flow rate. The same conditions were
used for 0.1 M Ca(NO3)2 solution (pH 5.5); the sodium salt of EGTA (0.2
M, pH 8) was delivered at 5 ml/h.
Solutions of the potassium salts of poly(rU) and poly(rA) (Sigma, St.
Louis, MO) and of purified dsRNA from bacteriophage 46 (gift of Prof. D.
H. Bamford, University of Helsinki, Finland), each dissolved in 10 mM
Tris-HCl (pH 7.4) at -40 mg/ml and thermostated at 10°C, were subjected
to 10 mM Tris-2HCl effluent (p2H 7.4) at 3 ml/h.
The sodium salt of the peptide random copolymer poly-L-(Glu, Lys,
Tyr), containing a 6:3:1 molar ratio of Glu:Lys:Tyr and an average mo-
lecular mass of 20-50 kDa (Sigma, lot #92H5536), was dissolved to 200
mg/ml in H20 at pH 8.5 and 5°C and then subjected to 3.5 M HCl effluent
(3 ml/h) to achieve a rapid decrease in pH.
BPTI (gift of Prof. C. Woodward, University of Minnesota, St. Paul)
was dissolved to 70 mg/ml in 0.3 M KCI (pH 6.6) and exchanged at 10°C
with 0.3 M KCI 2H20 (p2H 6.6) effluent at 2 ml/h. We achieved complete
deuterium exchange of peptide groups in BPTI by unfolding the protein
dissolved at 9 mg/ml in 0.3 M potassium chloride-potassium deuteroxide
solution (p2H 13, 2 h at 25°C), followed by refolding in neutral solution
(Hilton et al., 1981). The refolding reaction was started by adjustment of
the p2H to 6.5 with 2HCI on ice. The refolded protein was filtered through
a 0.2-,um microfuge filter and concentrated to 20 mg/ml for Raman
spectroscopy.
THEORY
Numerical solution of the diffusion equation for
small-molecule transport
Design of the Raman flow cell (Fig. 1) ensures that diffu-
sion governs the transport of small molecules between the
membrane boundary of the microdialysis tubing and the
glass capillary containing the macromolecular solution.
Thus, the solute concentration as a function of time c(x, y,
t) is determined by the diffusion equation (Eq. 1), which can
be solved with appropriate boundary conditions, provided
that the diffusion coefficient (D) is known for the solute
species:
DAc(x, y, t) = ac(x, y, t)/at. (1)
Because the length of the capillary cylinder is much greater
than the cylinder's diameter, the solution of Eq. 1 is sim-
plified to the planar scheme depicted in Fig. 2. We define a
Cartesian coordinate system with the origin at the center of
the capillary and the x axis bisecting the circular boundaries
of both the glass capillary (T1) and the microdialysis tubing
(2). For T2 the boundary thickness (-- 18 ,um) is negligi-
ble compared with the path of diffusion (--1 mm), and
permeability to small molecules is very high. Accordingly,
the solute concentration gradient across T2 can be ignored,
and the Dirichlet boundary condition (Eq. 2) applies:
c(x, y, t) = c0: (x, y) E T2, (2)
where c0 is the concentration of solute in the effluent
solution. On the other hand, the glass capillary boundary P1
/~~. /
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FIGURE 2 Cross-sectional view of a chamber representing diffusion of
a low-molecular-weight solute from within a small cylindrical boundary
(T2, microdialysis tubing) to a larger cylindrical boundary (T,, capillary
sample cell). Typically, the radii r, of 'I, and r2 of T2 are 0.5 and 0.106
mm, respectively. The shaded area fl (width -0.1 mm) is illuminated by
the laser beam and provides the Raman signal. The distances between
centers of the microdyalsis tubing and capillary cell and between centers of
the microdialysis tubing and laser beam are labeled a (=0.37 mm) and d,
respectively. The origin of the Cartesian coordinate system used in the
calculations coincides with the center of the capillary.
is impermeable, and the Neumann boundary condition (Eq.
3) must be applied:
&c(x, y, t)lan = 0: (x, y) E TI, (3)
where the derivative is with respect to the direction normal
to the P1 boundary.
The boundary problems represented by Eqs. 1-3 can be
solved numerically by use of the direct method on a square
lattice with curved boundary conditions (Ozisik, 1980). The
concentration profile c(x, y, t) is integrated over the cross-
section of sample exposed to the laser beam (fQ; see Fig. 2)
to yield the average concentration of solute detected at time
t. Thus,
cJ(t) = c
J(x,y)EGl
>(x, y, t)dxdy = (4)I
where xi and yi are the lattice coordinates and n is the total
number of lattice points in Q.
Second-order kinetics of hydrogen
exchange processes
In contrast to rapid (stop-flow) mixing methods, microdi-
alysis diffusion takes place on a relatively long time scale,
usually of the order of minutes. Therefore, it is necessary to
take into account the true second-order character of kinetic
processes involving the effluent (small molecule) and the
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substrate (macromolecule). The same consideration applies
to hydrogen-isotope exchanges effected by efflux of 2H20
solvent into H20 solutions or vice versa. We employ the
notation XH to denote a proton-exchangeable site in a target
macromolecular species and X2H as its deuteriated (deu-
teron-exchanged) counterpart. The corresponding solvent
species (H20, 2H20, HO2H, OH-, 02H-, H+, and 2H+) are
accounted for in the total protium [H] and deuterium [2H]
concentrations. The second-order rate for the exchange re-
action, XH + 2H 2. 2HX + H, is given by
d[XH]/dt =-kf2 [XH] [2H] + k1(2[X2H] [H], (5)
where k(2) and k(2) are, respectively, the forward and the
reverse second-order rate constants. If we define (Dd(t) and
Dh(t) as the respective time-dependent mole fractions of
deuteriated and protiated solvent species, and od = [X2H]/
([XH] + [X2H]) and 0h = [XH]/([XH] + [X2H]) as the mole
fractions of deuteriated and protiated target species, then
Eq. 5 can be rewritten as follows:
d0h/dt = -k(2)[XH][2H]§(Dd + k(2)[X2H][H]OFh, (6)
where the subscripts 0 and co indicate the initial and final
concentrations, respectively. The second-order rate con-
stants are related to pseudo-first-order rate constants (as
measured, for example, by rapid mixing methods) as
follows:
kf = kf2l[2Hi., kr =k(2)[H]O.
Using 0d = 1 -Oh and Eq. 7, we obtain from Eq. 6
dEh/dt = -kf0h + (kf - k)4hOh + kr4h- (8)
The rate constants kf and kr, which represent exchange rates
in 2H20 and H20, respectively, have been shown to be
approximately equal, owing to compensation of kinetic iso-
tope effects (Englander et al., 1979; Englander and Kallen-
bach, 1984; Connelly et al., 1993). Thus, Eq. 8 reduces to
dEh/dt = -kfOh + kArh. (9)
Equation 9 yields the first-order rate constant when both Oh
and (Fh are determined experimentally to high accuracy. A
formally identical equation is obtained for dOd/dt on inter-
changing indices h and d. When Oh and (Fh are subject to
significant experimental errors, Eq. 9 is less useful than its
integrated forn. By analogy with the general solution to the
diffusion equation (Ozisik, 1980), the time-dependent frac-
tions of deuteriated and protiated species sampled by the
laser beam are approximated as
(Dd(t) = 1 - ekdt (')h(t) = ekdt
The solution to Eq. 9 with the initial condition Oh(o) = 1 is
then given by
0h(t) = (kf e- - kd e d- /kf-kd
oh(t) = (kft + l)e-kf' forkf = kd. (llb)
The fraction of deuteriated sites, od = 1 - Oh, is also
obtained directly from Eq. 11.
RESULTS AND DISCUSSION
Diffusion model
To test the applicability of the diffusion model to the system
described by Fig. 2 we measured the efflux of Ca2+ ions
(calcium nitrate solution) into H20. This process is easily
monitored spectroscopically because the NO3 counterions
generate a distinctive Raman marker at 1050 cm-'. The
experimental results were compared with those predicted
from Eqs. 1-3, assuming a Ca21 ion translational diffusion
coefficient of 1.2 X 10-5 cm2/s (Weast and Selby, 1966).
The calculated results are presented in Fig. 3, which dis-
plays graphically the predicted distribution of Ca2+ effluent
in the T, domain before diffusion (0 min) and following
diffusion periods of 2, 10, and 20 min. Essentially complete
equilibration of the effluent is achieved after 20 min. Inter-
estingly, for the off-center configuration of the microdialy-
sis tubing the predicted concentration profile is nearly in-
dependent of they coordinate in the area (fQ) sampled by the
laser beam. Therefore, no significant concentration gradient
is expected within fl. Fig. 4 displays the time-dependent
Ca2+ concentration within fl, as determined by Eq. 4 for
different values of d (distance along x between the centers
of the microdialysis tubing and fl). The theoretical curve is
well approximated in each case by a single exponential
term, except when d < 0.3 mm. The dependence of the
apparent Ca2+ efflux rate on d is plotted in the inset of Fig.
4, which reveals that the rate decreases only slightly
(s 10%) with increasing d. Ford = 0.22 mm the inadequacy
of the single exponential approximation is apparent from
Fig. 4.
Apart from the dependence of efflux rate on laser beam
location, we have also examined the effects of capillary and
microdialysis tubing radii. Calculated rates of Ca2+ efflux
for several representative configurations are listed in Table
1. Increasing the capillary size (P,) clearly increases the
time required to reach equilibrium, whereas increasing the
microdialysis tubing size (P2) has the reverse effect. The
values of r2 included in Table 1 represent the nominal radii
of dry (0.11 mm) and wet (0.12 mm) microdialysis tubing.
The theoretical efflux rate of calcium was calculated to be
0.11 min-'.
We can obtain a solution to the boundary problem (Eqs.
1-3) for different values of the diffusion coefficient by
rescaling the time coordinate (t' = Dt). Thus, for the typical
experimental geometry (r, = 0.5, r2 = 0.12, and a = 0.35
mm), the solute efflux rate (ks) can be calculated from
Eq. 12:
(1 la)
ks = 9167DS, (12)
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FIGURE 4 Calculated concentration of calcium nitrate effluent, feff. for
different values of the parameter d (Fig. 2). (Solid curves) Least-squares
single exponential fits used to determine the apparent efflux rates (Table 2).
(Inset) Dependence of the efflux rate on d for the case a = 0.37 mm, as
calculated by Eq. 4 using data from Fig. 3.
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with ks in min1- and Ds in cm2/s. For other experimental
configurations a different numerical factor will appear in
Eq. 12.
Experimental determination of efflux rates for
small solutes
To compare the above theoretical results with experiment,
the following time-dependent diffusion processes were
monitored in the microdialysis flow cell by Raman spec-
troscopy: 1) efflux of H20 into a 10% (w/v) solution ofPEG
in 2H20, 2) efflux of 2H20 into a 10% (w/v) solution of
PEG in H20, 3) efflux of 0.1 M Ca(NO3)2 into H20, and 4)
efflux of EGTA into H20. The results, shown graphically in
1.0
0.8
0.6
0.4
0.2
0.0
0.06
FIGURE 3 Graphical representation of time-dependent solutions of the
diffusion equation (Eq. 1) for calcium nitrate in the planar x, y-coordinate
system of Fig. 2 after efflux times t = 0, 2, 10, 20 min. The z axis of each
plot shows the relative effluent concentration, fefl{t) = [Ca(N03)2]/
[Ca(NO3)2L,, at the indicated time.
TABLE I Dependence of the rate of calcium efflux on flow
cell dimensions
r, (mm) r2 (mm) kca (min- 1)
0.5 0.11 0.07
0.5 0.12 0.11
1.5 0.11 0.02
The flow cell parameters r, and r2 are defined in Fig. 2. The rate constant
for efflux of Ca2+, kca, was calculated with Eqs. 1-4, as described in the
text.
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Fig. 5, yielded the following first-order rates: kH = 0.48 +
0.01 min-', k2H = 0.287 + 0.005 min-', kCa = 0.10 ± 0.01
mint, and kEGTA = 0.07 ± 0.01 min-'. Each rate constant
represents a single exponential fit to the corresponding data
set in Fig. 5. Interestingly, the experimental rates are in
excellent agreement with the theoretical values predicted for
wet microdialysis tubing and slightly higher than the values
predicted for dry tubing. The corresponding rates calculated
from available diffusion coefficients by use of Eq. 12 are
listed with the experimental values in Table 2. (Although no
published diffusion coefficient could be found for EGTA,
the present measurement in combination with Eq. 12 sug-
gests the value DEGTA = 0.76 ± 0.01 X 10-5 cm2/s).
Table 2 indicates that the diffusion model satisfactorily
explains the efflux of isotopic solvent species and low-
molecular-weight solutes in the flow cell assembly of Fig. 2.
Table 1 suggests further that the diffusion characteristics of
larger microdialysis tubing, larger sample cells, or both can
be discriminated experimentally. The consistency between
experimental and theoretical results implies further that
A
1.0 L
TABLE 2 Comparison of calculated and experimental efflux
rate constants
kcalc
Effluent D (cm2/s) (min- ) kexp (min ')
H20 5.0 x 10-5 0.46 0.48 ± 0.01
2H20 3.0 x 10-5 0.28 0.29 ± 0.01
Ca(NO3)2 1.2 x 10-5 0.11 0.10 ± 0.01
The diffusion constant D for each effluent at 200C is from Weast and Selby
(1966). Calculated rates kcaic are from Eqs. 1-4, as described in the text.
precise positioning of the laser beam within the sample cell
is not a source of significant experimental error.
The dependence of the calculated efflux rates on the
geometry of the system (Table 1) suggests two ways to
improve the time resolution of the flow cell of Fig. 2. First,
a decrease in the sample cell radius (rl) would reduce the
mean path of molecular diffusion; second, an increase in the
microdialysis tubing radius (r2) would enlarge the effective
permeable surface. In principle, both improvements could
be realized by a semicylindrical sample cell with r, only
slightly larger than the laser beam diameter (- 150 ,um) and
with the flat face consisting of a dialysis membrane. Al-
though such a design results in a 10-fold increase in the
calculated rate of diffusion, it invalidates the single ex-
ponential approximation and would complicate the data
analysis.
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FIGURE 5 Raman measurement of the efflux of low-molecular-weight
species in the microdialysis flow cell of Fig. 1. The calcium nitrate
concentration was determined from the intensity of the Raman band of
NO3 at 1050 cm-', the EGTA concentration from the intensity of the
Raman band of CO2- at 1405 cm-', and the protium and the deuterium
concentrations from the integrated intensities of their respective solvent
Raman bands at 3000-3600 and 2300-2800 cm- '. Intensities for
Ca(NO3)2 and EGTA were normalized with respect to the H20 band at
1635 cm-'; intensities for H and 2H efflux were normalized by use of the
bands at 2700-2950 cm-' from 10% polyethylene glycol added as an
internal standard (Li, 1992).
Application to biological macromolecules
Rate of titration of a glutamate-containing polypeptide,
poly-L-(Glu, Lys, Tyr)
To apply the microdialysis flow cell to a biopolymer titra-
tion we have resolved the pH titration of glutamic acid side
chains in the peptide random copolymer poly-L-(Glu, Lys,
Tyr), with a Glu:Lys:Tyr molar ratio of 6:3:1. Raman mark-
ers specific to the COI and COOH ionization states of the
glutamate sidechains provide a convenient basis for moni-
toring the time dependence of protonation of CO2 with
decreasing pH. Additionally, the interspersed lysine and
tyrosine residues of the copolymer effectively eliminate
cooperativity in the pH-induced coil -> a-helix conforma-
tional transition of this polypeptide and improve solubility
of the low-pH form. The relatively strong Raman bands of
Tyr provide as well a convenient and reliable internal in-
tensity standard.
Raman spectra of high- and low-pH forms of poly-L-
(Glu, Lys, Tyr) are shown in the upper panel of Fig. 6. The
Raman marker of the COI group (symmetric O-C-0
stretching vibration) occurs at 1408 cm-. Conversely, the
COOH state is marked by the broad band at 1712 cm-1
(C==O stretching vibration; Lord and Yu, 1970). We used
the normalized peak heights of both bands to measure the
degree of carboxyl protonation as a function of time of H+
efflux. As a consequence of protonation, the polymer un-
dergoes a structural transition from random coil, repre-
sented by Raman amide I and III signatures at 1660 and
Tuma and Thomas 3459
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FIGURE 6 (Top) Raman spectra of acidic (pH 2) and basic (pH 8.5)
forms of poly-L-(Glu, Lys, Tyr). Labels indicate marker bands discussed in
the text. (Bottom) Time dependence of poly-L-(Glu, Lys, Tyr) protonation
induced by 3.5 M HCI effluent. The fractions of protonated and ionized
glutamates were calculated from the intensities of the 1730- and 1405-
cm- ' bands, respectively, with the tyrosine band at 642 cm-' used as an
internal standard.
1250 cm-', respectively, to an a-helical conformation, rep-
resented by a strong and sharp Raman amide I band at 1650
cm-' (Koenig and Frushour, 1972). As expected, the a-he-
lix conformation also contributes amide III bands at 1270,
1300, and 1344 cm-' (Bandekar, 1992).
The time course of protonation of poly-L-(Glu, Lys, Tyr)
with H+ efflux (3.5 M HCl) is shown in the lower panel of
Fig. 6. The attendant conformational change, as reflected in
amide I, is generally slower than protonation, presumably
because of the effect of solution viscosity on polypeptide
chain rearrangements. Thus, we can assume that titration of
the glutamate sidechains in random coil poly-L-(Glu, Lys,
Tyr) approximates the titration of free glutamic acid, for
which pKa 4. Theoretical calculations indicate that the
time course of H+ efflux follows Eq. 10, which suggests an
approximately linear correspondence between time and pH:
pH(t) = pHO - kpHt, (13)
where kpH is the rate of pH change and pHo (= 8.5)
represents the initial solution pH. When Eq. 13 is employed
in a simple titration equilibrium, the fraction of protonated
glutamate sidechains (XH) at time t is given by
XH = 10-k H/(10 PK + l0-kPHt). (14)
Fig. 6 (bottom) shows that when pKa = 4.0 the best fit of
the experimental data to Eq. 14 yields kpH = 3.3 + 0.1
min-. The computation of kpH from Eq. 14 is not highly
sensitive to the value of pKa within ±1 unit or so. For
example, with pKa = 5 (3), kpH becomes 2.6 (4.0) min-'.
Conformational and electrostatic effects in poly-L-(Glu,
Lys, Tyr) are not expected to alter the glutamate pKa by
more than one unit. We conclude that the rate of pH change
is 3.3 ± 0.1 min-', which is fast enough to permit time
resolution of biologically important processes governed by
glutamate or aspartate protonation. An interesting example
is the capsid conformational change associated with pH-
induced expansion of cowpea chlorotic mottle virus (Jacrot,
1975; Speir et al., 1995).
Hydrogen-isotope exchange of ribonucleic acids
Poly(rA). Fig. 7 illustrates Raman spectra obtained during
real-time deuterium exchange of poly(rA). The growth of a
prominent band at 1205 cm-1 (2H20 bending mode) and the
concomitant decay of the prominent band at 1635 cm-1
(H20 bending) indicate solvent exchange. Additionally, the
transient band at 1450 cm-' (2HOH bending) is discernible
in the spectra. All other bands are assignable to either the
adenine base or the ribose-phosphate backbone. Two prom-
inent backbone markers appear at 810 and 1100 cm-l and
are assigned to O-P--O phosphodiester and PO- phos-
phodioxy stretching vibrations (Thomas and Tsuboi, 1993).
Both bands are insensitive to isotopic exchange of adenine
and ribose and can be exploited as internal intensity stan-
dards. The frequency and intensity of the 810-cm-' band
implies that -80% of the backbone assumes the A-type
conformation (Thomas and Hartman, 1973). Shoulders at
790 and 822 cm-' may represent lesser amounts of other
phosphodiester conformations. The nucleosides of poly(rA)
assume the C3'-endo/anti conformation, as judged by the
occurrence of a 644-cm-1 marker and the absence of a
665-cm-1 marker (Benevides et al., 1986).
Many Raman bands in the poly(rA) spectrum are sen-
sitive to base and ribose deuteriations. For example, the
N6H2 -> N62H2 exchange leads to a frequency shift of the
adenine ring breathing mode from 725 to 719 cm-'. There-
fore, the normalized intensity of the 719-cm-1 band can be
used to monitor the fraction of adenine bases deuteriated at
the N6H2 position. In the top panel of Fig. 8 the progress of
adenine deuteriation (represented by the growth of the 719
cm-l marker) is compared with the progress of deuterium
efflux (measured by the intensity of the 1205-cm-1 band).
Clearly, adenine N6H2 deuteriation lags behind deuterium
efflux. Application of the second-order rate treatment (Eq. 9
or I la) yields a true first-order rate of 1.5 ± 0.1 min-1. An
identical rate is obtained by use of the adenine ring modes
3460 Biophysical Journal
Raman Microdialysis Flow Cell
LO
CM
30~~~~~~~~~~~~~~~~~~~~3
lLlO
800 1000 1200 1400 1600
cm-1
FIGURE 7 Raman spectra (600-1800 cm-') of poly(rA), initially dissolved at 40 mg/ml in 10 mM Tris-H20 solution, as a function of time of exposure
to Tris-2H20 effluent. Each spectrum was acquired in 30 s. Other experimental conditions are described in the text.
at 1337 cm-1 (N6H2 form) and at 1342 cm-' (N62H2
form). Previous studies have shown that the amino proton
exchange rate for the adenine mononucleotide rAMP is
-180 min-' at 20°C or 60 min-' at present conditions
(10°C) (Mandal et al., 1979). As noted by Mandal et al.
(1979), the exchange rate of adenosine polynucleotides de-
creases with increasing conformational order, presumably
because of base-stacking interactions. Our results may
therefore be interpreted as reflecting a high degree of base
stacking in poly(rA) at 10°C. In fact, the currently deter-
mined poly(rA) exchange rate (1.5 min-') is similar to that
reported for the poly(rA)-poly(rU) duplex (3 min- 1; Mandal
et al., 1979). The present application of the microdialysis
flow cell to poly(rA) exchange also demonstrates that a true
first-order rate can be extracted from a second-order ex-
change process.
Poly(rU). To assess the limiting rate that can be measured
with the present apparatus, we examined the rapid imino
proton (N3H) exchange of poly(rU). The progress of uracil
N3H deuteriation was monitored by the shift of the 782-
cm-' band to 773 cm-1 (Li et al., 1993) and is illustrated in
the bottom panel of Fig. 8. Clearly, the N3H -> N32H
exchange follows closely the efflux of 2H20. This differs
from the case of adenine N6 amino exchange (Fig. 8, upper
panel) and is as expected for the fast imino proton exchange
of poly(rU) for which kex 1000 min-' (Mandal et al.,
1979). Decomposition of the poly(rU) second-order ex-
change process, as described above for poly(rA), yielded an
apparent N3H -> N32H exchange rate between 10 and 100
min-'. For comparison, the curve corresponding to a sec-
ond-order exchange rate constant of 2 min-' is also shown
in the lower panel of Fig. 8. This curve is at the very limit
(standard error deviation) of the experimental data and thus
suggests that a rate of 2 min-1 is the limiting rate that could
be resolved by the present system. Nevertheless, the above
applications to poly(rA) and poly(rU) demonstrate that the
present system can be implemented to distinguish qualita-
tively between fast (k > 2 min-1) and slow (k < 2 min-1)
exchanges in nucleic acids and that the latter rates can be
measured with quantitative precision.
46 dsRNA. Fig. 9 compares the Raman spectrum of
genomic double-stranded (ds) RNA of bacteriophage 46,
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FIGURE 8 Top: The time course of adenine amino proton exchange in
poly(rA) monitored by the intensity of the 719-cm-' band of N6-deuteri-
ated adenine. The solid line represents a second-order fit of the data using
Eq. 11. Bottom: The time course of uracil imino proton exchange in
poly(rU) monitored by the intensity of the 774 cm- ' band of N3-deuteri-
ated uracil. The solid and dashed lines represent the exchange profiles
calculated by Eq. 11 with kf = 1000 and kf =2 min-', respectively. The
dotted curve in each panel represents the measured solvent efflux.
collected after 60 min of incubation in 2H20 buffer at
p2H = 7.6 (top), with the corresponding H20 solution
spectrum (middle). The Raman intensity ratio of bands at
813 and 1100 cm- 1 in the H20 solution spectrum, I813/Il I o,
has the value 1.6, which is indicative of a fully ordered A
RNA conformation (Thomas and Hartman, 1973; Bamford
et al., 1993). C3'-endolanti nucleoside conformations are
also evident from marker bands of the 600-800-cm-1 re-
gion (Thomas and Tsuboi, 1993). The 46 genome serves as
a good model for double-stranded RNA of nonuniform base
sequence.
The digital difference spectrum of Fig. 9 (bottom) reveals
a pattern of peaks and troughs, most of which result from
shifts of band maxima attendant with deuteriation of base
amino and imino sites and ribose C2' hydroxyls. The time-
dependent change in difference band intensities can be
employed to monitor the RNA exchanges in real time.
We consider first the exchange of guanine residues,
which can be monitored by use of either two guanine
markers, viz., bands at 670 and 1716 cm-1 (Miura and
Thomas, 1995a). From the time-dependent change of the
670-cm-l band an apparent exchange rate of 0.8 ± 0.1
min-' is obtained (Fig. 10). Presumably, this corresponds to
the guanine amino exchange reaction (N2H2 -> N22H2),
which is expected to be much slower than the guanine imino
exchange (NIH -- N12H). (See the discussion of poly(rA)
and poly(rU), above.) Similarly, the rate calculated from the
time-dependent intensity change of the 1716-cm-1 band is
1.2 ± 0.2 min-m (Fig. 10). The slightly higher rate com-
puted from the 1716-cm-1 band presumably reflects the
greater sensitivity of this band to competing imino exchange
(Miura and Thomas, 1995a). Nonetheless, the rate measured
here for guanine amino exchange in a Watson-Crick RNA
duplex is an order of magnitude faster than reported previ-
ously [0.16 min-' in poly(rG)-poly(rC) reported by Teitel-
baum and Englander (1975)]. The more rapid guanine ex-
change in )6 dsRNA may reflect the random distribution of
G-C basepairs within the viral genome, which perhaps fa-
cilitates transient basepair openings.
The rate of exchange of adenine in dsRNA was estimated
from the time-dependent shift of intensity of the adenine
mode from 724 to 716 cm-' (Figs. 9 and 10). The measured
rate of 0.8 ± 0.1 min-' is identical to that of guanine and
reflects similar mechanisms of exchange for the two purines
(Teitelbaum and Englander, 1975; Englander and Kallen-
bach, 1984). It is interesting to note that analysis of the
1482-cm-l imidazole ring mode of adenine and guanine
also yields essentially the same rate constant (data not
shown).
The band at 784 cm-l is due primarily to uracil (ring
breathing mode), with a lesser contribution from the similar
mode of cytosine. On deuteriation of dsRNA, the band
shifts to 776 cm-' (Fig. 9), reflecting uracil N3H -- N32H
and cytosine N4H2 -> N42H2 exchanges. We have exploited
this shift to measure the apparent rate constant for pyrimi-
dine ring exchanges. As shown by Fig. 10, the progress of
pyrimidine exchange is nearly as rapid as deuterium efflux,
yielding the apparent rate of 2.2 ± 0.3 min-'. This is close
to the time-resolution limit of the method and evidently
reflects the rapid exchange of both uracil and cytosine
protons (Gueron and Leroy, 1992). It should be noted that,
at present conditions (p2H = 7.4), the cytosine amino ex-
change is accelerated by specific base (02H-) catalysis
(Teitelbaum and Englander, 1975; Englander and Kallen-
bach, 1984). Accordingly, the same rate is obtained from the
time-dependent shift of the 630-cm-1 cytosine marker to
620 cm-' (data not shown).
RNA structures typically exhibit a Raman band at 919
cm- I, assignable to C-O and C-C stretching of ribose (J.
M. Benevides, M. Tsuboi, and G. J. Thomas, Jr., unpub-
lished results). The band shifts to 910 cm-' on deuteriation
of the C2' hydroxyl. The kinetics of C2'OH -> C2'02H
exchange, monitored by the intensity at 910 cm- 1, is indis-
tinguishable from deuterium efflux (Fig. 10), indicating that
kc2'OH > 2 min- . The rapid C2'OH exchange reflects the
low pKa value that governs hydroxyl ionization as well as
the solvent exposure of C2' hydroxyls in the A RNA struc
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FIGURE 9 Raman spectra (600-1800
cm-') of deuteriated (top trace) and pro-
tiated (middle trace) forms of 46
dsRNA, and their difference spectrum
(bottom trace). The top spectrum was
collected after 60 min in 2H20. Labels in
the difference spectrum indicate promi-
nent bands that are employed to monitor
hydrogen-isotope exchange, as discussed
in the text.
ture (Saenger, 1984). Similar rapid exchange is expected for
exposed hydroxyls of serine, threonine, and tyrosine side
chains in proteins.
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FIGURE 10 Hydrogen-isotope exchange of dsRNA bases and sugar
moieties monitored by several deuteriation-sensitive Raman bands, as
indicated. In each panel the dotted curve represents the efflux of solvent
(2H20) and the solid curve gives the least-squares second-order fit to the
data (0).
In summary, the microdialysis flow cell of Fig. 2 is
effective in monitoring exchange reactions of nucleic acids
with rates of 2 min-' or less. In practice this permits
straightforward measurement of most amino proton ex-
changes of purine and pyrimidine nucleotides in DNA and
RNA structures. Imino exchanges, although they are not
generally accessible, can be monitored kinetically when
specific protection is afforded by secondary, tertiary, or
quaternary structures, as in the cases of Z DNA, tRNA, or
quadruplexes of guanine or cytosine (Miura and Thomas,
1995a; Gueron and Leroy, 1992).
Exchange of bovine pancreatic trypsin inhibitor
Fig. 11 compares Raman spectra of BPTI in H20 solution
(bottom trace), in 2H20 solution after 180-min exposure to
deuterium oxide (middle trace), and in 2H20 solution after
complete deuteriation achieved by unfolding and refolding
in a 2H20 environment (top trace). The bottom spectrum
exhibits amide I and amide III bands centered at 1665 and
1244 cm-', respectively, indicating /3-strand and irregular
peptide chain conformations (Miura and Thomas, 1995b)
consistent with the crystal structure (Wlodawer et al., 1987).
The strong band at 1004 cm-l in all spectra is due to the
phenylalanine residues of BPTI and serves as a convenient
internal intensity standard. (Complete assignments will be
reported elsewhere and are available on request.)
The amide I peak at 1665 cm-' shifts to 1655 cm-
(amide I') on full deuteriation of BPTI achieved by unfold-
ing. Also, after 180 min in 2H20, when -70% of peptide
sites are exchanged (Hilton et al., 1981), the combined
amide I/amide I' band is centered at 1658 cm-'. The
extensive overlap of amide I and amide I' markers precludes
use of this spectral region for quantitative analysis of pep-
tide exchange kinetics. We therefore turn to the lower-
frequency region of the Raman spectrum for suitable mark-
ers of peptide NH -> N2H exchange.
2H20 solution
H20 solution
diifference
cm1'
-~~~~~~~~~~~~~q w
guanine 669 cm-'
.-
adenine 724 cm
uracil + cytosine 784 cm
U
ribose 919 cmn'
* g e
Sb ~~~~~guaniine 1716 cmt
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FIGURE 11 Raman spectra (600-1800 cm-1) of fully deuteriated (top
trace), partially deuteriated (middle trace), and protiated (bottom trace)
forms of BPTI. The top spectrum was collected after unfolding in 0.3 M
potassium deuteroxide and refolding in native 2H20 buffer, and the middle
spectrum after 180 min in 2H20. Labels indicate prominent bands dis-
cussed in the text.
Fig. 11 shows that the region 1400-1500 cm-' is highly
sensitive to peptide deuteriation. This reflects the occur-
rence of a new band (assigned as amide II' by Sugawara et
al., 1978), which underlies the prominent methylene and
methyl group modes near 1450 cm-. Oboodi et al. (1984)
have rationalized the spectral prominence of the amide II'
mode of deuteriated peptides as a consequence of the de-
coupling of NH bending and C-N stretching motions.
Such decoupling yields the amide II' vibration as a nearly
pure C-N stretching mode; the expected N2H bending
component is reflected in the amide III' mode. Despite
overlap with CH2 and CH3 deformations, amide II' can be
exploited effectively to monitor exchanges of peptide
groups in specific secondary structure domains by Raman
spectroscopy (Tuma et al., 1996a). However, the utility of
amide II' difference bands for the present kinetic studies is
undermined by interference from the transient 2HOH bend-
ing mode that also occurs at 1450 cm-'. Thus, time-re-
solved Raman spectroscopy of the amide II' band is effec-
tively limited to examination of relatively slowly
exchanging classes of peptide NH groups.
It is clear from Fig. 11 that the intervals of amide III
(1200-1300 cm-1) and amide III' (900-1000 cm-1) modes
are most appropriate for monitoring Raman markers of
peptide NH and N2H groups, respectively, and accordingly
are the best suited to determination of peptide exchange
rates. The amide III vibration represents mainly coupled
C-N stretching and NH in-plane bending, whereas amide
III' is considered to be largely N2H in-plane bending
(Bandekar, 1992). The amide III band of BPTI is very broad
and centered at 1244 cm-1. It comprises contributions from
peptides in three 1B-strands and in connecting loops (irreg-
ular conformations). On deuteriation, the complex amide III
band is replaced by a family of amide III' bands with
identifiable members at -922, 950, 985 and 990 cm-'. The
922- and 990-cm-1 amide III' markers represent a rapidly
exchanging fraction of peptides, which is completely ex-
changed in less than 180 min (Fig. 11, middle trace). We
assign the 990-cm- 1 band to peptides in 13-strand secondary
structure (Sugawara et al., 1978) and the 922-cm-1 band to
those in irregular (loop) conformations. On the other hand,
the bands at 950 and 985 cm-1, which are relatively sharp,
are attributed to a-helices and 13-strands in exchange-pro-
tected domains. As shown by Fig. 11, the latter are revealed
only in the fully deuteriated BPTI molecule. The present
assignments are in accord with previous Raman (Sugawara
et al., 1978) and NMR (Kim et al., 1993) studies.
The amide III' region, which is devoid of significant
spectral interference, is particularly well suited to quantita-
tive analysis. As a first approximation we assume equal
intrinsic intensities for all amide III' modes. The fraction of
exchanged peptide sites in each conformation is then esti-
mated from the corresponding amide III' band intensity
(normalized band area). The resulting time course of nor-
malized integrated difference intensities is shown in Fig. 12.
We find that the exchange kinetics are characterized by a
fast phase, accounting for -65% of peptide sites (completed
in 60 min), a less rapid phase consisting of -5% of peptide
sites (between 60 and 180 min), and a very slow, or "pro-
tected," class consisting of the remaining 30% of peptide
sites. The last group constitutes the exchange-protected core
(Kim et al., 1993).
The rate of 2H20 solvent efflux is the limiting factor in
measuring the exchange kinetics of the rapidly exchanging
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FIGURE 12 Time course of peptide NH -* N2H exchange in BPTI at
10°C calculated from the areas of amide Ill' band components, as dis-
cussed in the text. For comparison, the dashed curve shows the BPTI
peptide exchange measured in tritiation analysis by Hilton et al. (1981).
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fraction. Peptide sites exchanging on time scales ranging
from milliseconds to seconds contribute to this fraction, and
these rates are beyond the resolution limit of the present
apparatus. However, comparison with previously published
results (Hilton et al., 1981; Kim et al., 1993) shows that the
observed kinetics and extent of exchange protection are
accurately monitored by the Raman method (Fig. 12).
In addition to monitoring deuterium exchange of peptide
groups, the present method can be used to characterize
deuterium exchange of selected side chains. For example,
deuteriation of the tyrosine phenoxyl group is accompanied
by a shift of -6 cm-' in the bands of the Fermi doublet
located at 830 and 850 cm-'. Indeed, we observe for BPTI
the exchange of a small fraction of tyrosines on a time scale
slower than 0.003 min- 1 (data not shown). This observation
can be attributed to exchange of Tyr-35, the phenolic ring of
which is interlocked between polar groups (Wlodawer et al.,
1987).
In summary, the Raman dynamic probe of NH -> N2H
exchange in BPTI reveals three kinetic classes of exchange-
able sites and identifies the most highly protected sites as
those of the (3-strand-a-helix core. Recently a similar ap-
proach based on monitoring amide H bands in an on-line
Fourier-transform infrared (FTIR) rapid mixing experiment
was reported (de Jongh et al., 1995). In the FTIR study the
authors examined the exchange of two cytochrome c vari-
ants and compared their results with those obtained in a
low-resolution 'H-NMR study. The agreement between so-
lution FTIR and 1H-NMR kinetic analyses was found to be
satisfactory. The FTIR and Raman studies demonstrate the
effectiveness of vibrational spectroscopy in probing hydro-
gen-isotope exchange kinetics of aqueous biomolecules.
CONCLUSIONS
We have described the theory, design, and operation of a
microdialysis flow cell for investigating isotopic exchanges,
chemical titrations, and conformational transitions of mac-
romolecules and their assemblies by time-resolved Raman
spectroscopy. We have shown that diffusion theory analysis
accounts satisfactorily for the experimental data obtained by
the Raman dynamic probe. Rates for efflux of 2H20, H20,
Ca(NO3)2, and EGTA were measured, and the rate of pH
titration of a biopolymer was determined. Applications of
the Raman probe to isotopic hydrogen exchanges of RNA
molecules and of the small globular protein BPTI demon-
strate the usefulness of the methodology for investigating
the structure and dynamics of biological macromolecules. A
unique advantage of the time-resolved Raman approach
vis-a-vis other spectroscopic methods is its applicability to
large assemblies of biological molecules, including viruses
and chromosomal complexes.
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